Summary Traditionally, poplars (Populus) have been planted to control erosion on New Zealand's hill-slopes, because of their capacity to dry out and bind together the soil, by reducing effective rainfall and increasing evapotranspiration and soil strength. However, the effect of widely spaced poplars on the partitioning of soil water and rainfall has not been reported. This study determined rainfall partitioning for 18 mid-spring days in a mature P. deltoides (Bart. ex Marsh, Clone I78)-pasture association (37 stems per hectare, unevenly spaced at 16.4 ± 0.4 m) and compared it with a traditional open pasture system in grazed areas of a hill environment.
Introduction
Widely spaced poplars (Populus spp.) have been planted extensively in New Zealand's hill country, which is prone to soil erosion, in order to increase soil stability by decreasing soil wetness (Hawley and Dymond 1988 , Miller et al. 1996 , Wilkinson 1996 . However, little is known about water use of poplars or how much of their contribution to erosion control can be attributed to their capacity to intercept and reduce effective rainfall, dry out the soil or increase soil strength (Hicks 1995) . To clarify the poplar contribution, we examined poplar water use and the differences in rainfall partitioning in a mature poplar-pasture and an open pasture system.
Most studies on tree water use have been restricted to flatland forests (Kelliher et al. 1993) or agroforests (Miller et al. 1998 ). On New Zealand hill land, only indirect measurements have been used, including the difference between rainfall and water yield in watershed studies (Pearce and Rowe 1979) and gas exchange at the branch level (Benecke et al. 1977) . However, direct determination of tree transpiration is of particular interest where trees are only part of the vegetative cover of a catchment. The heat pulse (HP) technique has been used to measure transpirational water loss from branches or tree canopies directly.
The HP technique has several limitations. For example, sampling at several depths in the sapwood is usually necessary to characterize the sap velocity (v c) profile in large trees (Edwards and Booker 1984) . The HP technique also has limitations in relation to non-zero calibration (Hogg and Hurdle 1997) and the occurrence of erratic sensor responses when v c is < 0.01 mm s -1 (Becker 1998) . Calibration can be obtained by assuming that zero sap flow occurs at the minimum value of the mean (Hogg and Hurdle 1997) or median (Becker 1998 ) of sap flux density. The single hypostomatous leaf model (Monteith et al. 1991) can also be used to correct HP estimates of tree transpiration. Successful application of this model requires that the instrumentation takes account of changing stomatal conductance with canopy depth (Hinckley et al. 1994) ; even then, discrepancies often occur when sap flow is close to zero during the early morning, probably because of dew evaporation (Granier et al. 1996) . Sap flow of trees is usually presented as graphical time courses, but only daily means are used for statistical comparisons. However, daily means conceal information contained in transpirational time courses of individual trees exposed to different light environments resulting from differences in aspect, hill-slope position and crown dominance. This paper reports on the contribution of poplar trees to the water relations of a poplar-pasture system. Results from HP monitoring were used to develop a model to assist in the calibration and interpretation of the time courses of transpirational activity of individual trees under near-ideal meteorological conditions (no rainfall and very few clouds). In particular, the model was used to calibrate the zero offset and to estimate v c values during the early morning that did not conform to the trend of v c during the day.
Materials and methods
The study was conducted in a mature poplar (Populus deltoides (Bart. ex Marsh, Clone I78)-pasture area (PP) sited on a commercial livestock farm in the Pohangina Valley (40°08′ S, 175°53′ E, 200-250 m a.s.l.). The trees were planted circa 1967 on a NW-facing hill with a 20-25°slope. Mean tree height was 30 m, projected crown diameter was 14.9 m and the canopy closure ratio (CCR) was 66%. Tree density was 37.2 stems per hectare (sph), basal area was 14.5 m 2 ha -1 and diameter at breast height (DBH) was 0.7 m. The understory was dominated by Agrostis capillaris in a mixture of temperate perennial grasses and legumes. An area of open pasture (OP) with similar pasture characteristics adjacent to the PP was used for comparison. Grazing stock were removed from the OP on October 31, 1996. On October 25, 1996, pasture cover dry matter (DM) was higher in the PP than in the OP (1212 ± 46 kg versus 1013 ± 31 kg DM ha -1 , P < 0.01, n = 12). Beginning November 5, 1996, measurements of the fate of precipitation of poplar water use were made for 18 consecutive spring days for both the PP and the OP.
Soils are ultisols comprising graywacke sandstones and argillite (Rijkse 1977) . Soils in the OP and PP are classified as Orthic Brown Soil and Mottled Orthic Recent Soil, respectively (Hewitt 1993) . Although both soils have similar texture and macropore function in the 0-150 mm soil stratum, soil in the OP is characterized by abundant sub-rounded graywacke stones below 150-mm soil depth. Differences between the OP and PP soil profiles are the result of soil erosion.
Open pasture rainfall partitioning
Four sampling positions were selected within the OP in a zigzag transect. For the OP, Equation 1 represented a simple soil water balance describing the partitioning of precipitation (P) between evapotranspiration (ET), drainage (D) and the change in water stored within the soil stratum (∆θ) for a time (t) interval of one day:
Parameter ∆θ was monitored by time domain reflectometry (TDR, Soilmoisture Equipment Corp., Santa Barbara, CA) in the 0-500 mm soil stratum. Probes of 150, 300 and 500 mm length were used (Parchomchuki et al. 1997 ). We constructed a water content of intermediate profiles at steps equal to the differences in probe length (Zegelin et al. 1992) . Three sets of probes were installed at all four sampling points, and the probes within a set were inserted in the soil 300-600 mm apart. Sets of probes were positioned 1.5 to 3.5 m apart and around a mini-lysimeter installation. Measurements were made daily at about the same hour of the day. Probe sets remained in place for the duration of the study. Estimates of θ at time t at soil strata (z) of 150-300 and 300-500 mm were obtained with Equation 2:
where ω is total soil volume at the z stratum to depths ii and i, given i < ii.
Parameter D was measured with one mini-lysimeter per sampling point. Mini-lysimeters, which were 150 mm in diameter and 300 mm long and made of PVC cylinders according to Sakadevan et al. (1994) , were installed on September 15, 1996, and flushed and calibrated when the core was saturated. Vegetation was allowed to grow inside the intact soil core of each mini-lysimeter, which remained under the prevailing grazing conditions at all times. The volume of effluent collected was converted to a land area basis to provide an estimate of D (mm day -1 ). Parameter P was measured with a standard rain gauge with the opening 300 mm above ground. Three 6-m transects each containing five, one-liter plastic pots (inner diameter 109 mm) were used to collect rainfall at each sampling point. The pots were contained within a bigger pot half filled with soil to provide stability against wind. A small amount of diesel oil was placed in all collecting containers to repel insects and possums and prevent evaporation of the collected water. A regression between the standard rain gauge and the pots was used to calibrate the data. The volume of rainfall collected every day was converted to a land area basis (mm day -1 ).
Poplar-pasture rainfall partitioning
Four sampling points were selected within the PP according to the following criteria. Trees within one standard deviation of the mean DBH and without flaws below 1.8 m in height were identified. The selected trees were surrounded by other trees to avoid edge effects. From 25 suitable trees, four trees in a zigzag transect were selected as representative individuals for observation. Trees 9 and 73 were located on the lower part of the hill and Trees 11 and 14 were at mid-slope. All measurements for soil water balance were related to the position of the selected trees. Water balance for the PP was determined by Equation 3, which describes the partitioning between tree transpiration (T), tree canopy interception (I), understory evapotranspiration (ET u ) and drainage (D) from precipitation (P):
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Parameter I was obtained by calculating the difference be0tween measured P at the OP and throughfall (TF) at the PP. Throughfall under the tree canopy was measured with a method similar to that used for measuring P for the OP. Parameters D and ∆θ in the PP were measured in the same way as in the OP. The mini-lysimeters were installed approximately 2 m from the trunk base. One lysimeter was installed per tree, but there were only three working mini-lysimeters. The sets of TDR probes were randomly positioned approximately 2.4 m away from the base of the tree trunk.
Assumptions
In the OP, ET represented water use occurring in z = 0-300 mm and was, therefore, not totally representative of pasture evapotranspiration. In the PP, ET represented water use occurring in z = 0-300 mm and combined the contributions of pasture and poplar vegetation. Infiltration was assumed to be equal to rainfall, and surface run-off was assumed to be negligible at this time of the year (D.J. Barker, AgResearch Palmerston North, NZ, personal communication). Because of technical difficulties in measuring herbage rainfall interception, it was accounted for in the ET or D parameter. In the PP, stem flow (S) was assumed to be negligible according to the function S = 0.027P -0.14 (Helvey and Patric 1965) .
Sap flow and Beta function model
Parameter T was estimated from tree sap flow (Q) measured by the HP technique (Edwards and Warwick 1984) at the four trees simultaneously from November 1 to December 11, 1996. Records of heat pulse velocity (v h ) were made every 20 min from four sets of heat probes and thermistors inserted at 5, 10, 20 and 40 mm below the cambium at a height of 1 m. Insertion of the probes was randomly allocated to four quadrants around each tree. The entire assembly was wrapped in aluminum foil to maintain thermal homogeneity. Radial core samples from each tree and quadrant were obtained after the measurement period to determine conducting wood area. The inner boundary between heartwood and sapwood was determined by color. Heartwood was identified by a dark brown color and sapwood by a light brown color (Zimmermann 1983) . The outer boundary between the sapwood and the cambium was recognized by texture when these two structures separated spontaneously. Volume fractions of wood and water were calculated by Archimedes' principle (Edwards and Warwick 1984) . Values of sap flow calculated at each probe depth were considered representative of a ring of sapwood with limits defined by the midpoint between successive probe depths, or by the interface with the cambium or the heartwood (Edwards and Booker 1984) . The HP8000 software (CSIRO, Canberra, Australia; HortResearch, Palmerston North, New Zealand) was used to calculate sap velocity (v c ), corrected for wounding (Swanson and Whitfield 1981) . Parameter Q was estimated as the sum of these partial areas multiplied by their associated sap flows.
Transpiration per day per tree was converted to a projected tree crown area basis (Q c ). Tree transpiration was scaled to the stand level based on DBH or the total area exploited by the tree (projected crown and gap area). Only data collected between 0720 and 2220 h were used for Q integration, because low v c is difficult to distinguish from zero flow (Becker 1998) . However, calibration of the zero offset and erratic values of vc were estimated from 24-h data with a Beta function model by simultaneous modeling of sap velocity basal activity at four sapwood depths (Guevara-Escobar et al. 1997) .
The Beta function model parameterized temporal variations in sap velocity under near ideal meteorological conditions (no rainfall, few clouds) and assisted the statistical inference of tree transpiration relations. Temporal transpiration patterns of the trees were compared based on parameters that characterize the main features of v c during daylight. The parameters of the Beta function (Mood et al. 1974 ) were incorporated to represent the asymmetrical distribution of vc during the day, flow initiation and cessation. Because v c was measured at several depths in the sapwood, parameters for each depth described radial variation in axial conductivity. The three-parameter Beta function is used in various forms to model phenomena defined over a finite interval a < x < b. It has a wide variety of shapes (Yin et al. 1995) . The nonlinear form can be expressed as:
where a and b are often scaled to 0 and 1, respectively, α is an amplitude (scale) parameter, and β and γ are shape parameters. Low values (< 5) of β indicate flatness, whereas high values indicate a sharp peak. Parameter γ is a skewness (or symmetry) parameter, where zero indicates symmetry. Common parameters for β and γ described the nonlinear model shape of all strata. Sap velocity at the four depths was denoted by the subscript i, allowing for the specification of simultaneous fits of particular parameters at each depth along with common parameters. Parameter a was represented as s + l, where s is the commencement of daytime v c activity and l the duration of daytime v c activity. Parameter αi describes the amplitude and k the baseline activity. All the parameters were incorporated as follows:
where, for each probe depth and tree, i = 1…4, regarding each 24-h period as time t = 0…1.
Other measurements
A Stevenson screen was installed at a representative point in both the OP and PP and housed a maximum and minimum air thermometer 1.5 m above the ground. Soil temperature was recorded in z = 0-100 mm at each sampling point. Daily records of air and soil temperature were made during the soil water balance assessment. Photosynthetically active radiation (PAR) was measured under the tree canopy with a Li-Cor data logger (Model LI-1000, Li-Cor Inc., Lincoln, NE) coupled to a quantum sensor located 300 mm above the soil surface. Maximum and minimum radiation values were recorded at 20-min TREE PHYSIOLOGY ON-LINE at http://www.heronpublishing.com intervals. A reference PAR value for OP was obtained from a nearby experiment. Leaf area index was measured with a canopy analyzer (Model LAI-2000, Li-Cor Inc.) at four points halfway between the canopy edge and the tree trunk at each of the HP-instrumented trees. The CCR for each instrumented tree was determined by digital image analysis. The proportion of tree canopy was reported as a percentage of the total area in the picture, which was considered a reasonable estimate of the projected tree canopy at the ground surface. During December and January 1997, digital photographs were taken under overcast conditions with a Kodak Digital Science DC-50 camera (Eastman Kodak Co., Rochester, NY) facing vertically toward the poplar canopy. Fifteen to 20 non-overlapped digital pictures were taken to represent each tree's canopy and the gap area with the neighboring trees. For each tree, CCR was calculated by quantifying the pixels of the tree canopy and dividing by the total number of pixels in the image. In addition, the areas of canopy gaps with diameters > 1 m were calculated to determine the canopy gap area (CGA) between trees.
Statistical analysis
Rainfall and throughfall data were subjected to regression analysis to test consistency with the standard rain gauges. Analysis of tree canopy effect on throughfall was based on a factorial design, the factors being day of rain event, tree and distance from the tree trunk, with distinction between high and low (< 4 mm) intensity rain events (Steel and Torrie 1980 ). Linear models were tested by analysis of variance (ANOVA) with the GLM procedure of the SAS statistical software package (SAS Institute, Cary, NC). All linear models were tested for residual normality and homogeneity of variance by residual diagnostics of Minitab (Version 10.51, Minitab Inc., State College, PA). Non-linear models of v c were fitted with SigmaPlot 4.0 (Jandel Scientific Software, San Rafael, CA). When possible, the simplest model was assumed. The significance level was set at α = 0.05. Differences between trees and days for the parameters of the Beta function curve were tested by ANOVA (García-Muñiz et al. 1998 ) with the GLM procedure (SAS Institute).
Results
Meteorological measurements were used to develop the v c Beta function model. Sunrise and sunset hours were 0518 and 1914 h for November 1, 1996. Figure 1 shows the diurnal courses of v c for four trees on a day characterized by clear skies and low wind speed. There was an order of magnitude variation in v c between trees and probe depth (i). For any given day, v c increased well after sunrise, reached a peak at noon and then declined to low rates at night. Both hill aspect and twilight hours modified the pattern. On a daily basis, there was good agreement between the observed and modeled time course of v c (R 2 = 0.932-0.997). The nonlinear model was consistent across trees during good weather conditions, although some trees had better fits. Rainy or variable cloudiness resulted in flattop or incomplete v c time courses that did not fit the Beta function. Although the HP technique generally showed consistent performance, occasional perturbations in measured v c early in the morning and late at night generated data outliers that added up to a difference in Q of ± 10 l tree -1 day -1 . Consequently, outlying values of v c were adjusted with the corresponding model for each tree and day. To obtain a zero calibration for the HP, a 95% confidence interval for a k ≠ 0 offset was constructed based on two standard deviations of the normally distributed k parameter for each probe depth and tree (Table 1) . If 0 was within the 95% confidence interval, then k was the offset. For example, for Tree 9 the offset was 3.4, 1.3, 1.4 and 2.5 mm s -1 for v c at 5, 10, 20 and 40 mm, respectively, in the sapwood.
Differences in model parameter values among trees (Table GUEVARA- 1 and 2) were attributed to a higher v c value (P < 0.05) for Tree 9, although this tree did not have the largest values for other measured traits (Table 3) . Parameter estimates differed between days (P < 0.05), but the estimates tended to be similar on consecutive days (P > 0.05). Tree 9 and 73 were morphologically similar; however, basal activity (k) and amplitude (α) at each of the four sapwood depths was higher for Tree 9 than for Tree 73. Tree 73 had a slightly higher sapwood area and had a tendency for sap velocity activity to start earlier (s, P < 0.1) and persist for longer (l, P < 0.16) than Tree 9. Tree 11 had the smallest daily sap flow, but when sap flow was calculated as a function of leaf area this tree was more active than the other trees. In addition, parameters γ, l and s indicated that Tree 11 was most active during the morning hours, and earlier than Trees 14 and 73, but not Tree 9. Visual observation suggested that Trees 9 and 11 received sunlight earlier than the other two trees, and Tree 11 perhaps received more shade after midday than the other trees. Therefore, Tree 11 coped with its transpiration demand better than Tree 9. The time course of v c in Tree 14 was the most symmetric, because this tree received more sunlight in the morning than Trees 11, 73 and 9, which were located, in descending order, down the slope. Mean daily water use, measured as Q, of trees was 188.5 ± 7.7 l day -1 . Measured Q values differed by an order of magnitude, with the larger trees (DBH) exhibiting higher Q values. Maximum Q was registered for Tree 14 with 417.0 l day -1 (Table 3) 4 Crown volume modeled after Wilkinson (1995) . 5 Leaf area index for the projected crown. 6 Standard error of the mean. (Hatton et al 1995) . The best description of Q as a function of poplar DBH was obtained with a classic asymptotic model: 
Tree water use at the stand level (T) was calculated as 0.63 ± 0.1 mm day -1 . Although the fit of the model was good (R = 0.98), when it was extrapolated to trees with DBH < 0.63 m there was a sharp drop in predicted Q, because of the small number of observations (cf. Vertessy et al. 1997) . Alternative scalars are projected crown area (PCA) and CGA, both of which provide a good indicator of the domain exploited by trees. The CGA for the instrumented trees and their neighbors was 105 m 2 . The single-tree gap area (STGA) was defined as the proportion of gap area corresponding to a single tree. STGA was calculated using Equation 7:
The value of T estimated by multiplying Q c by 1 -STGA (0.75) was 0.92 ± 0.1 mm day -1 or 16.7 mm for the period. Total rainfall recorded with the standard rain gauge for OP was 77.4 mm over the 18 days of measurements. Rainfall higher than 1 mm occurred on 9 days, and four events ranged from 13.0 to 15.5 mm day -1 (Figure 2 ). Agreement between rainfall measured with the standard rain gauge and the pots was good (r = 0.996 ± 0.004). Total rainfall recorded by the pots was 72.5 ± 0.9 mm for the period and was assumed to be representative of P. Total drainage (D) for OP was 4.2 ± 1.6 mm and occurred only during the four rain events with P > 12.4 mm day -1 . No drainage was recorded during rain events with P < 4.6 mm day -1 . Parameter D was slightly correlated with P (r = 0.36), but P did not explain the variability of D because of the small number of lysimeters used and the small number and size of each drainage event. Lagging the rainfall by one day did not improve the relationship. Except for one TDR probe at z = 0-150 mm, θ at the different sampling points at OP paralleled the occurrence of rainfall (Figure 2 ). The variance in θ was not constant over time at z = 0-150 mm, but at deeper z variance did not depend on changes in mean θ. For z = 0-150 mm, mean θ for the period was 34.6 ± 0.6% v/v. Derivation of θ at the intermediate z = 150-300 and 300-500 mm with Equation 2 showed that rainfall was insufficient to increase soil water content evenly. Mean values of θ for the period were 28.1 ± 0.5 and 22.2 ± 0.4% v/v for z = 150-300 and 300-500 mm, respectively. Differences between TDR sets within a sampling position were not significant. The accumulated ∆θ at z = 0-300 mm for the period was 29.2 ± 1.8 mm indicating net accumulation of θ. Figure 3 shows the linear relationship (r 2 = 0.68, P < 0.01) for ∆θ = β0 + β1P, where β0 was not different from 0 and β 1 was 0.7. Because ∆θ was dependent on ET and drainage, the relationship with rainfall was not strong. For the study period, ET was 2.2 mm day -1 and ET from the 0-300 mm soil stratum for OP was 39.1 mm.
Total throughfall recorded with the standard rain gauge for PP was 52.2 mm and occurred in eight main events greater than 1 mm day -1 . Rain collected in pots (TF) varied with rainfall intensity. Two groups of TF events were identified, high (H) and low (L). from the tree trunk (Table 4) . Total TF estimated with the pots was 47.7 mm and I was estimated as 24.8 mm for the period.
The relationship between TF and P showed good agreement when mean values for each main rain event were represented by TF = β 0 + β 1 P (r 2 = 0.98 β 0 = -0.92, β 1 = 0.76, P < 0.01). The value of β 0, 0.92 mm, was used as an approximation of tree canopy water storage capacity (Kelliher et al. 1992) . The value of β 1 indicated the rate of TF after storage capacity was exceeded. Total drainage (recorded as D for PP) was 1.9 ± 1.7 mm for the period and occurred during the same days as for the OP.
The OP and PP had a similar θ at the start and end of the monitoring period for the upper two soil strata (P > 0.05). Parameter θ increased with rainfall mainly in z = 0-150 mm (Figure 2 ) in both PP and OP, although variation was greater between the PP positions. Mean θ at z = 0-150 mm for PP was 32.5 ± 0.5% v/v. As in the OP, θ variance was not constant over time in z = 0-150 mm, but it was in the other strata. During the monitoring period, ∆θ totaled 31.0 ± 4.8 mm, but θ accumulation did not differ from that in the OP (P > 0.05). The linear relationship (r 2 = 0.87, P < 0.01) for ∆θ = β 0 + β 1 TF shown in Figure 3 , where β 0 = -2.0 and β1 = 1.37, suggests that there is a balance between water use and infiltrated TF, assuming that no drainage occurred beyond the 0-300 mm soil stratum at PP during the observation period. Figure 3 also suggests that ET from z = 0-300 mm must be lower for the PP than for the OP. Mean values of θ for the lower strata (150-300 and 300-500 mm) were 25.8 ± 0.4 and 27.2 ± 0.5 % v/v, respectively. During the monitoring period, ET from the 0-300 mm soil stratum was 14.8 mm or 0.82 mm day -1 . The ET was a combination of pasture and tree water use.
At OP and PP, maximum (15.7 and 15.5°C, respectively) and minimum (6.7 and 8.0°C, respectively) air temperatures were similar. However, soil temperature was higher (P < 0.01) in OP (14.1 ± 0.1°C) than in PP (12.0 ± 0.1°C) during the morning. Mean PAR was higher in OP and varied by more than an order of magnitude between OP and PP (Figure 4) .
Discussion
The Beta function model provided an alternative approach (Hogg and Hurdle 1997, Becker 1998) for estimating a zero offset for the HP technique. Because parameter k differed between trees and sapwood depth, each probe needed to be calibrated before integrating sap flow. The high R 2 obtained for the sap velocity Beta function suggests that the model could be used to identify differences in v c in individual trees and sapwood depths. The ability to relate the parameters of the Beta function to traits of physiological significance and the flexibility in their application signifies an improvement over symmet- ric models (Howard et al. 1997) , and discrete-point hypothesis testing (Berbigier et al. 1996 , David et al. 1997 .
Although the Beta function model cannot replace weather-driven models, it allowed a more efficient approach to testing hypothetical sap velocity time courses between trees. It was possible to differentiate sap velocity activity of trees (e.g., Tree 9 and Tree 73) with similar DBH, projected crown area, LAI, daily sap flow and sap flow by leaf area, whereas simple sap flow correlation could not explain the relationship between Trees 9 and 73. Use of the Beta function model demonstrated that trees with morphologically similar characteristics differed in their water use pattern during the day but had a similar total daily water use.
The widely spaced poplars studied had a high individual water use, but water use was small in terms of land area exploited by the trees. Water use of rough canopies, as found with widely spaced trees, would be driven more by the advective component than a smooth canopy and consequently would be prone to higher transpiration. This has been found in the Spanish Dehesa, where widely spaced oak canopies (40 sph) were more dependent on atmospheric conditions (Infante et al. 1997) . Strong winds in New Zealand will favor small decoupling coefficients (Jarvis and McNaughton 1986) . Also, poplars have an isohydric behavior, maintaining a nearly constant daytime leaf water potential at a value that does not depend on soil water status until plants are close to death (Tardieu and Simonneau 1998) . Comparison of maximum rates of poplar transpiration per leaf area during windy and calm conditions (0.25 ± 0.02 versus 0.11 ± 0.01 l m -2 ) provides an indication of isohydric behavior. On a land area basis, the mature poplars had lower water use than values reported for young poplars, mainly because the mature poplars developed a sparse canopy with small canopy gaps between tree crowns. Reduced water use by an aging stand (Dunn and Connor 1993) and transpiration suppression by evaporation of intercepted water (Tolk et al. 1995) may also explain why our mean T values were smaller than the values of 4.8 and 3.4 mm day -1 reported by Hinckley et al. (1994) and Zhang et al. (1997) , respectively, for young poplars planted at higher tree densities. Comparison of the maximum individual tree water use of 39-51 l day -1 for the trees studied by Hinckley et al. (1994) with the maximum measured Q of 417 l day -1 in our study highlights the importance of tree spacing and crown development for soil stabilization, independently of root interlocking (Hicks 1995) . The high Q in our study probably resulted from increased ventilation and turbulent exchange compared with canopies of denser forest stands (Green et al. 1995) .
Rainfall interception was the most important component of rainfall partitioning in the PP system, and when combined with topsoil ET (z = 0-300 mm) accounted for 39.6 mm, which is comparable to the topsoil ET from the OP system. Both systems had similar water change in the topsoil, although the PP topsoil received less precipitation. Drainage was small in relation to total rainfall for both OP and PP.
With the exception of a small loss to drainage, water loss in z = 0-300 mm was attributed to ET and most of the infiltrated water was retained within the z = 0-150 mm. Soil water in z = 0-150 mm was higher than in z = 150-300 mm because water did not move uniformly in the 0-300 mm soil stratum. In PP, the 0-150 mm soil stratum had a higher organic matter and water holding capacity than the lower strata (data not shown). This represented a boundary and the large, rapidly transmitting pores of the sandy loam at the 150-300 mm remained empty until the water potential between 0-150 mm increased to a value that enabled large pores to fill. Water movement in these sandy loam soils is driven by the high hydraulic conductivity of big pores at or near saturation, and little capillary movement occurs at low matric potentials (dry soil) when hydraulic conductivity decreases (Hibbert 1976, McLaren and Cameron 1996) . Analysis of soil pore size distribution showed that total porosity for z = 0-150 mm was 53.6 and 52.4 m 3 m -3
for the OP and PP, respectively. In November 1996, soil water content was below 50% (Figure 2) , and saturated flow did not begin until a soil water content of 52%. It is possible that soil water in the z = 150-300 mm also originated from instantaneous saturation or preferential flow by cracks from the upper soil stratum. A similar effect occurred in the OP at the boundary between the 0-150 mm and the gravelly 150-300 mm soil strata.
Partitioning of topsoil ET from z = 0-300 mm between the poplar and the pasture understory was not possible. However, we hypothesized that pasture water use made a greater contribution to measured ET within the 0-300 mm soil stratum than poplar water use, because root biomass decreased exponentially with increasing soil depth (Eastham et al. 1990 ). Herbage roots were very superficial, with 90% of them located in the upper 200 mm of the soil in PP. Barker et al. (1988) determined that sunny and shady aspects of hill pastures contained, in the upper 100 mm of the soil, 58 and 71% of the root biomass, respectively. In the present study, coarse and fine poplar roots were observed down to 1000 mm. We used dry matter accumulation rates of the understory and open pasture (26.3 and 15.3 kg DM ha -1 day -1 ) to calculate an understory water use of 1.4 mm day -1 , based on a water-use efficiency of 0.09 mm kg DM -1 ha -1 day -1 of the OP; however, pasture growing under shade can have higher water-use efficiencies (Eastham et al. 1990 , Wallace 1996 . A 50% higher water-use efficiency for the understory (< 0.05 mm kg DM -1 ha -1 day -1 ) could accommodate an ET of 0.82 mm day -1 . Based on these considerations, we estimated that the understory contributed between 50 and 80% of the ET in the 0-300 mm soil stratum. Poplar ET (represented by combining T and I (2.3 mm day -1 ) influenced the water balance more than the PP understory (0.4-0.6 mm day -1 ). Although the combined poplar ET was similar to ET in the OP, it differed from ET in the OP in that I never reached the soil, increasing soil stability. In the OP, ET (2.2 mm day -1 ) was lower than the combined poplar T, I and understory ET (2.7-3.0 mm day -1 ). In general, the daily means of ET for the OP and PP were within the range reported for grassland, broadleaf forested (Kelliher et al. 1993 (Kelliher et al. , 1995 , and pastoral ecosystems (Parfitt et al. 1985 , Ridley et al. 1997 . Poplar water uptake close to the water table could explain why ∆θ (z = 0-300 mm) was small in the PP. The evidence suggests that poplar trees did not compete for water with the pasture understory when water was plentiful. Indirectly, tree shade resulted in lower soil temperatures and a reduced radiation regime, decreasing understory evapotranspiration and effectively increasing water-use efficiency.
Percent rainfall intercepted by the poplar canopy (34%) was higher than that reported for forestry stands of poplar (26%) in Italy (Tarsia 1980) and radiata pine in New Zealand (19%, Kelliher et al. 1992) and Chile (20%, Huber et al. 1985) . Throughfall from heavy crowned open-grown trees is usually 70-75% of gross rainfall compared with 80-85% under forest trees (Helvey and Patric 1965) . The high rainfall interception by poplars during low intensity rain events is probably associated with the water storage capacity of the canopy (0.92 mm day -1 ) along with the high LAI (6.2-8.0). The regression of ∆θ on P showed that the PP topsoil required a rainfall event of 2 mm day -1 to initiate a change in soil water. This was partially explained by the 0.92 mm day -1 water storage capacity of the poplar canopy. The other 1.08 mm were attributed to interception by the grass canopy and an unknown evaporative rate from both the tree and understory canopies. After the initial 2 mm day -1 threshold, the PP topsoil had a ∆θ of 1.37 mm per additional mm of TF (cf. Trimble and Weitzman 1954) . TF probably infiltrated the PP topsoil (0-150 mm) faster than the OP topsoil, but lagged from the start of a rainfall event because of the water storage capacity of the poplar canopy. Although TF was lower than P, the PP and OP topsoils had similar ∆θ and θ until the end of the study period, implying that less soil water was used in the PP than in the OP. The poor relationship between P or TF and D was attributed to the small number of lysimeters used, and to the infiltration of water into the soil and held mostly in the z = 0-150 mm region of the soil.
The pattern of TF distribution could not be attributed to a stand-edge effect, but it may be a reflection of canopy architecture (Watanabe and Mizutani 1996) . Because the mean canopy gap diameter was relatively small (2 m), its effect on TF was not considered. Poplar canopies have a greater canopy depth closer to the stem and consequently water storage capacity will vary according to distance from the tree stem (Stout and MacMahon 1961) .
We characterized tree water relations of a mature poplar-pasture system and demonstrated how tree sap activity can be characterized by a simple Beta function model. In this eroded hill environment, the hill slope surface was uneven and favored differences in canopy development and the sap activity of trees of similar age. Trees differed in sap activity because of spatial and temporal variation in sunlight illumination within the stand. Notwithstanding these differences, the daily amount of water transpired per unit of leaf area was similar in the studied poplars. We conclude that modeling sap velocity as a Beta function is an alternative to complex instrumentation to explore the effects of radiation absorbed by individual trees on tree transpiration (McNaughton et al. 1992) .
